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The study of electronic properties in topological systems is one of the most fascinating topics in
condensed matter physics, which has generated enormous interests in recent times. New materials
are frequently being proposed and investigated to identify their non-trivial band structure. While
sophisticated techniques such as angle-resolved photoemission spectroscopy have become popular
to map the energy-momentum relation, the transport experiments lack any direct confirmation of
Dirac and Weyl fermions in a system. From band structure calculations, VAl3 has been proposed
to be a type II topological Dirac semimetal. This material represents a large family of isostructural
compounds, all having similar electronic band structure and is an ideal system to explore the rich
physics of Lorentz symmetry violating Dirac fermions. In this work, we present a detailed analysis
on the magnetotransport properties of VAl3. A large, non-saturating magnetoresistance has been
observed. Hall resistivity reveals the presence of two types of charge carriers with high mobility.
Our measurements show a large planar Hall effect in this material, which is robust and can be easily
detectable up to high temperature. This phenomenon originates from the relativistic chiral anomaly
and non-trivial Berry curvature, which validates the theoretical prediction of the Dirac semimetal
phase in VAl3.
The quest for novel quantum states of matter has
yielded the recent discovery of non-trivial topological
phases and reshaped our understanding of condensed
matter physics. The unconventional and vastly unex-
plored physics of these materials has triggered a whole
new area of research, which has flourished in last few
years. Topological insulators [1–3], Dirac/Weyl semimet-
als [4–7] and topological superconductors [8, 9] have en-
abled us to explore the dynamics of relativistic particles
such as Dirac, Weyl and Majorana fermions in low energy
electronic systems. On the other hand, from unique com-
binations of different crystalline symmetries, new parti-
cles have emerged, which are impossible to realize in high
energy physics [10, 11]. Type I Dirac (Weyl) fermions ap-
pear as quasiparticle excitations at the crossing point of
the fourfold (twofold) degenerate linear electronic bands
in bulk state of three dimensional topological semimetals
(TSMs) [4–7]. In type II Dirac/Weyl semimetals, how-
ever, an additional kinetic term in the energy spectrum
tilts the Dirac/Weyl cone and as a result the Lorentz in-
variance breaks [10, 11]. While preserving the Lorentz
symmetry is one of the fundamental conditions in quan-
tum field theory, condensed matter systems do not have
this constraint. Thus, these topological materials provide
the sole opportunity to study Lorentz-violating Dirac and
Weyl fermions, which are predicted to exhibit several un-
conventional physical phenomena [12–14].
Although type II Weyl fermions have been probed in
few systems [10, 15–18], the candidates for type II Dirac
semimetals are rather limited [11, 19]. Recently, from
band structure calculations, the members of the family
MA3 (M = V, Nb, Ta; A = Al, Ga, In) are proposed to be
type II Dirac semimetals [20]. The Dirac cone appears at
the contact point of electron and hole pockets and shows
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a mirror Chern number 2, which so far, has not been
observed in type I TSMs. Under broken time-reversal
symmetry, this Dirac node splits into two quadratic Weyl
nodes carrying chiral charges ±2. Each quadratic Weyl
cone can be further broken into two linearly dispersing
Weyl cones, once the inherent C4 rotational symmetry
of the crystal structure is lifted. Similarly, the material
can be driven to a topological crystalline insulating state
by only breaking the C4 rotational symmetry. Hence,
MA3 family offers an excellent prospect and tunability to
investigate type II Dirac fermions as well as other exotic
topological phases.
Identifying Dirac or Weyl fermions in a material
is a formidable task and requires sophisticated tech-
niques like angle-resolved photoemission spectroscopy
(ARPES). Nevertheless, the signatures of Dirac/Weyl
fermions can be observed in transport experiments.
Large magnetoresistance (MR), ultra high carrier mo-
bility and small carrier effective mass are some of the
characteristics of the TSMs and considered as general
criteria to predict new compounds in this class [21–24].
However, the presence of parabolic bands near Fermi en-
ergy often hinder these prominent features. On the other
hand, different mechanisms such as electron-hole com-
pensation [25] or the presence of open-orbit Fermi surface
[26] can also show the above-mentioned properties. In ad-
dition, multiple Fermi pockets make it difficult to accu-
rately extract the Berry phase from quantum oscillation.
The Adler-Bell-Jackiw (ABJ) chiral anomaly is widely
regarded as a direct evidence of the Dirac/Weyl cones in
the band structure [27–30]. This relativistic effect is gen-
erated from the non-conservation of the number of Weyl
fermions with a definite chirality and results in negative
MR under parallel electric and magnetic fields [27, 28].
To observe this phenomenon, the primary condition is
to have the Dirac or Weyl nodes very close to the Fermi
energy [29, 30], which is not the case for most TSMs. As
ar
X
iv
:1
80
6.
08
28
7v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 21
 Ju
n 2
01
8
these materials show large positive MR at transverse elec-
tric and magnetic field configuration, a small misalign-
ment between them can also easily mask the weak neg-
ative MR component [27]. Moreover, other mechanisms
such as current jetting [31], weak localization [32] can also
produce negative MR. Therefore, it is very difficult to dis-
tinguish the negative MR induced by chiral anomaly from
others. From theoretical calculations, recently, a planar
Hall effect (PHE) has been predicted in TSMs, which
originates from the ABJ chiral anomaly and non-trivial
Berry curvature [33, 34]. As PHE is completely different
from usual Hall effect, both in experimental configura-
tion and angle dependence, this phenomenon is easier
to identify and unambiguously confirms the Dirac/Weyl
type excitations in the system. Large PHE has already
been reported in topological insulator ZrTe5 [35], Dirac
semimetal Cd3As2 [36] and Weyl semimetals WTe2 [37],
GdPtBi [38]. It is worth mentioning that a weak PHE
can be observed in ferromagnetic compounds due to mag-
netic ordering [39]. However, as most of the TSMs are
non-magnetic, this effect does not arise in these systems.
In this paper, we report the magnetotransport prop-
erties of newly proposed type II Dirac semimetal VAl3.
Large, non-saturating MR has been observed along with
large carrier mobility. The non-linear field dependence of
Hall resistivity confirms the presence of both electron and
hole type carriers, as predicted from theoretical calcula-
tions. A prominent PHE has been observed, which per-
sists up to high temperature and reveals the non-trivial
nature of the band structure in this material.
The single crystals of VAl3 were grown in aluminium-
flux [40]. High purity V granules (Alfa Aesar 99.8%) and
Al pieces (Alfa Aesar 99.999%) were taken in an alu-
mina crucible in 1:9 molar ratio. The crucible was put
in a quartz tube, which was then evacuated and sealed.
The quartz tube was heated to 950◦C and soaked at
this temperature for 12 hrs. After that the tube was
slowly cooled (3◦C/h) to 750◦C. At this temperature,
the excess aluminium was decanted using a centrifuge.
Several needle like single crystals with typical dimen-
sions 1.5×0.3×0.2 mm3 were obtained, which were fur-
ther etched in sodium hydroxide solution to remove any
remaining aluminium on the surface. The phase purity
was confirmed by x-ray diffraction (XRD) of the pow-
dered single crystals in Rigaku TTRAX III diffractome-
ter using Cu Kα radiation. The high resolution trans-
mission electron microscopy (HRTEM) was done in an
FEI, TECNAI G2 F30, S-TWIN microscope operating
at 300 kV and equipped with a GATAN Orius SC1000B
CCD camera. The elemental composition was checked
by energy dispersive x-ray (EDX) spectroscopy in the
same microscope. The transport measurements were per-
formed by four probe technique using a Quantum Design
9 T physical property measurement system (PPMS) with
horizontal sample rotator option. The electrical contacts
were made with gold wire and conducting silver paint.
VAl3 crystallizes in a tetragonal structure with crys-
tallographic symmetry I 4/mmm (space group no. 139)
FIG. 1. (a) X-ray diffraction spectra of the powdered sin-
gle crystals. The experimental data have been analyzed by
Rietveld structural refinement. Inset shows the crystal struc-
ture of VAl3. (b) The high-resolution transmission electron
microscopy image of the as grown crystal. (c) Energy disper-
sive x-ray spectroscopy results of a typical single crystal.
[20, 41]. As evident from the crystal structure [Fig. 1(a)
inset], each Al atom is surrounded by four neighboring V
atoms either in planar square or tetrahedron geometry.
The image of a typical single crystal is shown in Fig. S1
with appropriate length scales [42]. Fig. 1(a) represents
the XRD pattern of the powdered crystals. The exper-
imental data have been analyzed by Rietveld structural
refinement using FULLPROF software package. The re-
fined lattice parameters, a=b=3.777(2) and c=8.324(5)
A˚, are in excellent agreement with earlier report [41].
Within our experimental resolution, the absence of any
impurity peak, confirms the phase purity of the grown
single crystals. The HRTEM image of a single crystal
along ab plane is shown in Fig 1(b), which reveals the
high quality crystalline nature of the sample. The calcu-
lated interplanar spacing 3.52(4) A˚ is consistent with the
extracted lattice parameters from XRD data. To check
the elemental composition, we have performed EDX spec-
troscopy on the as grown single crystals. From the ex-
perimental data [Fig. 1(c)], the V and Al atomic ratio
is found to be 1:2.8 with maximum relative error ∼5%,
which is close to the desired stoichiometry. The C and
Cu signals in EDX spectrum correspond to the carbon
coated copper grid on which the sample was mounted for
HRTEM.
In Fig. 2(a), the longitudinal resistivity (ρxx) of a typ-
ical single crystal is plotted as a function of tempera-
ture. VAl3 exhibits metallic character, i.e., ρxx decreases
monotonically from room temperature. At 2 K, the resis-
tivity becomes∼9.3 µΩ cm and gives a residual resistivity
ratio [ρxx(300 K)/ρxx(2 K)] ∼12. As shown in the inset,
2
FIG. 2. (a) Temperature dependence of the longitudinal re-
sistivity (ρxx) without and with a transverse magnetic field.
The inset manifests the T 2 dependent behavior of ρxx at low
temperature. (b) Transverse magnetoresistance of VAl3 at
different temperatures. In the inset, the experimental data
have been fitted using αBm-type power-law.
in the low temperature region, ρxx follows a quadratic
temperature dependence, which is consistent with the
Fermi liquid theory [43]. Above 100 K, ρxx increases
linearly with temperature. Under an applied magnetic
field perpendicular to the current, the low-temperature
resistivity increases. However, within the applied mag-
neic field range, we have not observed any field-induced
metal-semiconductor like crossover as in most TSMs [22–
24, 27]. Next, we have measured the magnetic field de-
pendence of the resistivity at different temperatures [Fig.
2(b)]. At transverse magnetic field and current configura-
tion, a large, non-saturating MR [ρ(B)−ρ(0)ρ(0) ×100 %] ∼158
% has been observed at 2 K and 9 T. This value is two to
three orders of magnitude smaller than that for a typical
TSM [21–24, 27]. The band structure of VAl3 consists of
several parabolic bands, crossing the Fermi energy [20].
Hence, it is expected that the transport properties are
dominated by the carriers from these trivial Fermi pock-
ets. With increasing temperature, MR decreases dras-
tically and becomes negligible at 300 K. In the inset of
Fig. 2(b), we have fitted ρxx(B) by a αB
m type power-
law with m ∼1.3, where α is an arbitrary parameter.
From semiclassical two-band theory, a quadratic field de-
pendence is predicted for compensated semimetals with
equal density of electron and hole type carriers [43]. For
VAl3, however, m 6=2 indicates an uncompensated sce-
nario.
To obtain further information about the carrier den-
sity and mobility of the carriers, we have performed the
Hall resistivity measurement. In Fig. 3(a) the Hall re-
sistivity (ρyx) is plotted as a function of magnetic field
at few representative temperatures. At 300 K, ρyx(B) is
almost linear and negative, implying that the majority
carrier is electron type. With decreasing temperature, a
non-linear behavior appears and persists down to 2 K.
The non-linear field dependence of Hall resistivity con-
firms the presence of more than one type of carrier and
different temperature dependence of their mobilities. Us-
ing the tensorial inversion of the resistivity matrix, we
FIG. 3. (a) Hall resistivity (ρyx) as a function of magnetic
field at different temperatures. (b) Field dependence of the
calculated Hall conductivity (σxy=
ρyx
ρ2yx+ρ
2
xx
). Inset shows the
two-band fitting of σxy at 2 K as a representative.
FIG. 4. (a) Angle dependence of the planar Hall resistivity
(ρPHEyx ) at 5 K for different magnetic field strength. Inset
shows the schematic for experimental set-up. (b) Angle de-
pendence of ρPHEyx at 9 T for different temperatures.
have calculated the Hall conductivity σxy=
ρyx
ρ2yx+ρ
2
xx
and
shown in Fig. 3(b). The experimental data have been fit-
ted [Fig. 3(b) inset] using semiclassical two-band theory
[44],
σxy = [nhµ
2
h
1
1 + (µhB)2
− neµ2e
1
1 + (µeB)2
]eB, (1)
where nh (ne) and µh (µe) are the hole (electron) density
and mobility, respectively. From the fitting parameters,
the extracted electron and hole densities are 7.7(3)×1019
and 3.7(1)×1019 cm−3, respectively at 2 K. Similarly, at
2 K, the mobility of the electrons and holes are found to
be 4.8(1)×103 and 0.3(2)×103 cm2V−1s−1, respectively.
These values manifest that the magnetotransport prop-
erties in VAl3 are primarily influenced by electron-type
charge carrier. The obtained carrier density and mobility
are comparable to those for several TSMs [45–47].
Identifying the topological nature of the band structure
in VAl3 is of fundamental interest to confirm the theo-
retical prediction of the type II Dirac fermions in this
material [20]. However, the complex band structure with
several bands coexisting at the Fermi energy [20], makes
it very difficult to probe the Dirac cone from low-energy
experiments. Due to this reason, recent quantum oscil-
3
lation study on the members of the MA3 family could
not confirm the Berry phase for different Fermi pockets
[48]. PHE, on the other hand, does not possess such
shortcoming and is a direct evidence of the Dirac/Weyl
fermions in the system [33, 34]. In the inset of Fig. 4(a),
we have shown the experimental set-up for PHE mea-
surement, where the current, magnetic field and the Hall
voltage (Vyx) are coplanar. During the measurement,
magnetic field is rotated within this plane; θ being the
angle between the current and magnetic field. In Fig.
4(a), we have shown the angle dependence of the pla-
nar Hall resistivity (ρPHEyx ) for VAl3 at 5 K for different
magnetic field strengths. To exclude any contribution
from the conventional Hall voltage, we did the measure-
ments with both positive and negative field directions
and took the average. ρPHEyx shows a periodic behavior
with the amplitude decreasing with decreasing magnetic
field. The most striking aspect of PHE is the position
of the extrema points. Due to the very nature of the
Lorenz force, the Hall resistivity is zero for an applied
magnetic field parallel to the current, whereas it becomes
extremum when magnetic field, current and Hall voltage
are mutually perpendicular for conventional Hall mea-
surements. In Fig. S2, we have plotted the conventional
Hall resistivity of VAl3 as a function of the angle be-
tween the current and magnetic field [42]. As expected,
ρyx shows maxima and minima at 90
◦ and 270◦, respec-
tively. In PHE, the experimental configuration ensures
that there is no Lorenz force. As evident from Fig. 4(a),
the experimental data show minima and maxima at 45◦
(and 225◦) and 135◦ (and 315◦), respectively. These po-
sitions of extrema are consistent with the theoretically
predicted PHE [34] and confirm the non-trivial nature of
the band structure in VAl3. PHE in topological systems
can be mathematically formulated from the semiclassical
Boltzmann theory [33, 34],
ρPHEyx = −∆ρchiral sin θ cos θ (2)
ρplanarxx = ρ⊥ −∆ρchiral cos2 θ (3)
where ∆ρchiral = ρ⊥−ρ‖ is the chiral anomaly induced
resistivity component and ρplanarxx corresponds to the pla-
nar resistivity. ρ⊥ and ρ‖ are the resistivity for current
perpendicular (transverse resistivity) and parallel to the
magnetic field direction, respectively. In Fig. 4(b) we
have plotted ρPHEyx for different temperatures at applied
magnetic field 9 T. ρPHEyx shows weak temperature de-
pendence and remains quite large and detectable at 100
K and above. This is in sharp contrast to the chiral
anomaly induced negative MR, which vanishes quickly
with increasing temperature [27–30]. We have also mea-
sured the planar resistivity ρplanarxx in VAl3 for different
magnetic field and temperature combinations. The ex-
perimental set-up has been shown schematically in the
inset of Fig. 5(a). In Fig. 5(a) and (b), ρplanarxx has
been plotted for different magnetic field strengths at 5
K and for different temperatures at 9 T, respectively.
FIG. 5. (a) Anisotropy in planar resistivity (ρplanarxx ) for
different magnetic field. The measurement set-up is shown
schematically in the inset. (b) Angle dependence of ρplanarxx
at different temperatures. (c) The magnetic field dependence
of the extracted chiral anomaly induced resistivity compo-
nent and transverse resistivity. Inset shows the global fitting
of ρPHEyx and ρ
planar
xx using Eqs. (2) and (3). (d) The temper-
ature dependence of ∆ρchiral and ρ⊥ at 9 T.
ρplanarxx shows a periodicity pi with maximum at 90
◦ and
270◦, i.e., when magnetic field and current are in trans-
verse configuration. To further confirm the nature of the
PHE, we have fitted ρPHEyx and ρ
planar
xx using the theoret-
ical Eqs. (2) and (3). As shown in the inset of Fig. 5(c),
our global fitting is in excellent agreement with the ex-
perimental results. From the fitting parameters, we have
extracted the chiral resistivity and transverse resistivity
components. Both of these quantities increase monotoni-
cally with field and follow a Bn-type relation with n ∼1.3
[Fig. 5(c)]. Fig. 5(d) illustrates the temperature depen-
dence of ∆ρchiral and ρ⊥. As expected, at 9 T, ∆ρchiral
decreases with increasing temperature. The experimen-
tal data can be described well by ∆ρchiral = C1−C2T 1.4
type power law, where C1 and C2 are arbitrary con-
stants. On the other hand, ρ⊥ is found to increase almost
quadratically with temperature.
In conclusion, we have analyzed the magnetotrans-
port properties of single crystalline VAl3. A large, non-
saturating magnetoresistance has been observed along
with high carrier mobility in this compound. The field
dependence of Hall resistivity shows the presence of both
electron and hole type charge carriers. From our mea-
surements, a large planar Hall effect has been identi-
fied. This effect is robust and persists up to quite high
temperature. As planar Hall effect appears due to the
relativistic ABJ chiral anomaly and non-trivial Berry
phase, it is an excellent tool to detect the presence of
4
Dirac/Weyl fermions in a system. Hence, our study un-
ambiguously confirms the theoretically predicted type II
Dirac semimetal phase in VAl3. This material represents
a large family (MA3) of isostructural compounds, which
are all proposed to be type II Dirac semimetals. Materi-
als with identical crystal and electronic band structures
provide a wide range of tunability of the electronic state,
simply by changing the chemical composition or doping.
For example, spin-orbit coupling (SOC) is an important
parameter, which significantly influences the topological
phases in a system. With increasing atomic number (Z)
from V (Z=23) to Ta (Z=73), one can effectively change
the SOC and hence can tune the electronic properties
of the system. On the other hand, through doping, the
chemical potential can be moved closer to the type II
Dirac node and made it easily accessible by low energy
experiments. Therefore, our work not only presents a
detailed study on VAl3, but also encourages further in-
vestigation on the other members of the MA3 family.
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